We have proposed and demonstrated numerically a ultra-small and highly sensitive hydrogen sensor, based on micro ring resonator with a footprint size as small as 4×4 µm 2 . With a palladium or platinum hydrogen sensitive layer coated on the inner surface of the micro ring resonator, the device is highly sensitive to the low hydrogen concentration variation and the sensitivity is at least one magnitude order larger than the optical fiber-based hydrogen sensor. We have also investigated the tradeoff between the portion coverage of palladium/platinum layer and the sensitivity. The width of the hydrogen sensitive layer is also studied and the minimum feature width is determined to be the length of the ring waveguide evanescent wave. This ultra-small optical hydrogen sensor will be promising to realize highly compact sensor with integration capability for applications on hydrogen fuel economy.
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I. INTRODUCTION

I
N THE past few decades, hydrogen sensor has gained worldwide attention of scientific community due to its superior characteristics and properties of becoming one of the most promising fuels in the future. At present, hydrogen sensor is widely utilized in solid oxide fuel cells, hydrogen transportation, hydrogen storage or other applications [1] , [2] .
Hydrogen is an invisible, flammable, odorless and highly explosive gas. As a result, hydrogen sensor is very different from the conventional gas detector. Various types of hydrogen sensors have been developed recently, which use very different mechanism to detect the hydrogen gas [3] - [9] and are briefly summarized in the following:
A. Catalytic and Metal Oxide Sensor
Both of these sensors work on principles of reaction of oxygen with combustible gas on the sensor producing heat. These sensors require oxygen as catalyst which could get contaminated and become inactive. Thus presence of oxygen is essential. Also these sensors becomes inactive and poisonous due to contamination. Prolonged exposure of sensor in combustible gas reduces performance of these sensors. Recalibration is necessary for these sensors. 
B. Electrochemical Sensor
This is a successful commercial sensor due to simple operation and high sensitivity. It consists of anode, cathode and electrolyte. To detect hydrogen, a specific electrochemical reaction takes place between anode and cathode, which results in either voltage or current signal in external circuit.
C. Thermoelectric Gas Sensor
This sensor works by measuring the heat produced by the reaction between metal catalyst using Cu-Bi thermopiles. Basic principle of this sensor is based on gas absorption, due to this reason this technique slows down the recovery and response times.
D. Work Function Based Sensor
This type of sensor includes metal-insulator semiconductortransistor and metal insulator semiconductor capacitor. In these sensors hydrogen sensitive catalytic metal layer is deposited on oxide layer with the oxide layer deposited on semiconductor substrate. Thus diffusion of hydrogen atoms takes place through metal and hydrogen gets adsorbed at interface between metal and oxide layer. At interface polarization of hydrogen atom takes place which gives rise to dipole layer and thus change in voltage.
E. Fiber Bragg Grating Sensor
This sensor has fast response, high accuracy and sensitivity, which is based on doping of WO 3 with Pt layer where hydrogen gas undergoes exothermic reaction.
Except the fiber optical sensor [2] , most of above hydrogen sensors have short life span due to electrical corrosion. Some of these are dangerous when used in flammable environment due to spark generation. Most of these drawbacks for above mentioned sensors are overcome by fiber optical sensor, but this sensor lacks the integration ability due to relatively large volume size.
In this work we are proposing an on-chip silicon based optical micro ring resonator hydrogen sensor which could overcome many of the drawbacks of current sensors and have ultra-small size which has easy integration ability and high sensitivity. Also hydrogen sensitive material like Pd and Pt have good adhesion towards silicon ring resonator. This type of ultra-small optical sensor is environment friendly and can perform in harsh and flammable environment.
Hydrogen sensor materials need to meet three basic requirements -sensitivity, selectivity and specificity, which can be found in palladium (Pd) and platinum (Pt). Both Pd and Pt are suitable materials to sense hydrogen because they react with hydrogen to form Pd/Pt hydride. In this work, we have demonstrated numerically a novel hydrogen sensor based on micro ring resonator with low concentration detection capability (0 ∼ 4%) and ultra-small size (4×4 μm 2 ), as illustrated in Fig. 1 , with hydrogen sensitive Pd or Pt layer integrated within the inner layer of the micro ring resonator. We have compared the performance between Pd and Pt layer based micro ring resonator sensor. Ring resonator is a wavelength selective photonic device and can be a very good candidate as an optical sensor for gas detection, including hydrogen. We have also studied the Pd/Pt metal layer coverage within the ring resonator, as more Pd/Pt layer will lead more resonance wavelength shift, while it also induces the quality factor (Q) degradation due to the loss part of the metals. Finally, we have also investigated how the width of the Pd/Pt layer will affect the performance of this type of optical sensor and revealed the relationship between the minimum feature width and the evanescent wave of the ring waveguide mode.
II. THEORETICAL ANALYSIS AND SIMULATION
A. Basic Model and Simulation Results
In our simulation, the structure is a silicon based micro-ring resonator coated with thin layer of hydrogen sensitive material i.e. platinum and palladium on its inner surface. A fully three dimensional Finite Different Time Domain (FDTD) technique is used for the simulations.
The basic model for the device structure is shown in Fig.2 .The micro ring resonator is evanescently coupled with the straight waveguide and the diameter of a micro ring is 3.0 μm. The light is injected into the input port and collected at the output port of the straight waveguide, which has a width of 400 nm and height 200 nm to keep the single wave guided mode condition. The gap between the straight waveguide and the micro ring resonator is 100nm. In Fig.2 , the layer in red is a layer of hydrogen sensitive material (Pd/Pt) of width 400nm, deposited on the inner surface of the ring resonator.
The core materials of the micro ring resonator in FDTD simulation are silicon. For the straight waveguide and the micro ring resonator, the refractive index of Si 3.45 at wavelength 1550 nm is used, the bottom cladding is SiO 2 with refractive index 1.45.
Assuming the micro ring resonator satisfies the single mode condition, the equation below shows the detailed relation between the input port intensity E i and the output port intensity E t :
Where A is the round trip amplitude, which is related to the round trip intensity attenuation L by A= (1 − L 2 ), and t 1 ,t 2 are the transmission coefficients, which are related by the coupling coefficient k by t 2 +k 2 = 1. ∅ is the round trip phase contribution, which is related to the round trip phase change θ by ∅ =e iθ .
The round trip phase value θ can be calculated based on the parameters of the ring resonator and the input signal:
Where R is the radius of the ring; λ is the input light wavelength in vaccum; n ef f is the effective refractive index of the ring, determined by the refractive index of the core, and the propagation modes in the ring [10] - [12] .
Notice that the resonance point requires E t /E i to achieve its minimum value, which means θ needs to be an integer multiples of π. For certain R and n e f f , only certain light wavelength λ can satisfies the condition. In other words, the change of R or n e f f will results in corresponding resonance wavelength shift. So the introduction of hydrogen into hydrogen sensitive materials, palladium or platinum, will notably affect the value of n e f f .
At first, take palladium as an example, if the concentration of hydrogen in surrounding environment increases, the palladium will form palladium hydride, and the n e f f will change according to the change of refractive index of palladium layer. The refractive index of pure palladium, at wavelength 1550 nm, is n=3.164, α = 665790/cm [1] , [13] , [14] , where n is real part and α is imaginary part of the refractive index. Both real part and imaginary part of the refractive index will vary according to the change of concentration of hydrogen in the surrounding environment.
According to the measurement of the refractive index of palladium hydride, both real and imaginary parts of the refractive index change when concentration of the hydrogen gas varies from 0% to 4%. For every 1% change in hydrogen concentration, the change of the refractive index of palladium hydride is almost linear to the hydrogen concentration variation.
For thin palladium film at light wavelength 1550 nm, when hydrogen concentration is increased for every 1%, the real part of the refractive index is decreased and the imaginary part is increased as following, n = −0.033, and α = 5432/cm [1] , [13] , [14] . Hence for 4% of hydrogen concentration, n = 3.0320 and α = 687518/cm. For platinum, the corresponding parameters are n = −0.089, and α = 14674/cm, and for the 4% of hydrogen concentration, the refractive index of Pt is n =5.0126 and α = 631636/cm, respectively. To be consistent with the experimentally verified data [13] , [14] , the e-beam evaporation deposited Pd film thickness is about 27nm and the Pt film thickness is about 12 nm in our simulation.
These values of refractive index for Pd and Pt are applied to our FDTD simulation. The perfectly matched layers (PMLs) is used as boundary condition. The input signal is a sinusoidal pulse, with the wavelength range from 1500 nm to 1580 nm, the grid size of 8 nm and long evolution time steps are used to ensure the precision and resolution of our simulation results. Fig.3 shows the resonance wavelength shift between 1530 and 1560nm for both Pd and Pt coated micro ring resonator, when hydrogen concentration is increased from 0% to 4%. A significant resonance wavelength shift and relative intensity change can be observed. Fig.3a shows the result for Pd coated structure, with 1% increase of hydrogen concentration, the resonance wavelength has a shift of approximately 0.35nm (i.e.1547.9nm at 0% hydrogen and 1546.5nm at 4% hydrogen), and the relative intensity decreases from 66.66% to 65.77%, i.e. 0.22% for every 1% increase of hydrogen concentration. On the other hand, Fig.3b shows the result for Pt coated structure, where the resonance wavelength shift and intensity change is about 1.02nm and 0.18%, respectively, with every 1% increase of hydrogen concentration. Compared to the Pd layer, both the resonance wavelength shift and intensity variation are noticeably larger using Pt for the same variation of hydrogen concentration. From above results, the micro ring resonator hydrogen sensor is able to detect very small change in hydrogen concentration, the resonance wavelength change is at least one magnitude order larger than the optical fiber based hydrogen sensor, which is due to the ultra-small size of the micro ring resonator structure. 4 shows the relationship between the resonance wavelength shift/intensity change and the hydrogen concentration variation for both Pd and Pt coated layer. Fig. 4a shows that for each 1% change in hydrogen concentration, Pt coated micro ring resonator has about three times higher amplitude of resonance wavelength shift than Pd coated structure, which is from the larger variation of the real part of the Pt refractive index with the change of hydrogen concentration. While Fig.4b shows the change of the resonance intensity is almost the same for both Pd and Pt coated structure, even α is larger for Pt. The lower resonance intensity for Pd layer is due to the higher optical loss which is reflected in the relatively larger value of the imaginary part of the Pd refractive index.
B. Investigation of the Coverage Proportion of Pd/Pt Layer
For the hydrogen sensitive materials, both Pd and Pt have significant imaginary part of refractive index at wavelength around 1550 nm, which means they will introduce certain loss in the ring resonator and induce a degradation of the resonance mode quality factor (Q factor). Meanwhile, the real part of refractive index determines the shift in resonance wavelength with change in hydrogen concentration. It can be clearly seen that there is a tradeoff between the resonance wavelength shift and the Q degradation. i.e., with more coating of the Pd/Pt layer, there should be more induced resonance wavelength shift; while at the same time more Q degradation. Therefore, two important parameters, the cover proportion of Pd/Pt layer of the micro ring resonator and the width of Pd/Pt layer, are interesting to investigate further.
Cover proportion is investigated first. Simulation is done with three different structures, i.e. micro ring resonator is covered with 1) one-fourth 2) half, and 3) three-fourths of hydrogen sensitive material Pd/Pt layer, and is compared with the above results with fully covered structure. As an example, Fig. 5 illustrates the micro ring resonator structure with Pd/Pt layer half covered. 6, Fig.7, and Fig. 8 show the simulation results of one-fourth, half, and three-fourths Pd/Pt layer covered micro ring resonator structure, respectively. With each 1% increase of hydrogen concentration, the resonance wavelength shift and relative intensity change for Pd is 0.08 nm and 0.47% for one-fourth covered structure, 0.155 nm and 0.465% for half covered structure, and 0.30 nm and 0.21% for three-fourth covered structure. As described above, the results for fully covered structure is 0.35 nm and 0.22%. The corresponding results for Pt based structure are 0.11 nm and 0.92% for one-fourth covered structure, 0.31 nm and 0.59% for half covered structure, 0.62 nm and 0.30% for three-fourths covered structure, and 1.02 nm and 0.18% for fully covered structure. It can be clearly observed that higher coverage proportion would contribute to larger resonance wavelength shift. As illustrated in Fig. 9 and take Pt layer as an example, the Q-factor of the resonance mode for more coverage portion only degrades slightly, it changes from nearly 70 for 1 fourth covered structure to about 50 for fully covered structure. However, the different coverage proportion causes a significant relative intensity difference between the resonance mode peak and bottom. Note that results for Pt covered structure at 4% hydrogen concentration are used in Fig.9 . The relative intensity difference for Pt structure are 1.7%, 4.5%, 13.5%, and 35.4% for fully, three-fourths, half, and one-fourth covered structure, respectively. While for Pd layer, the corresponding results are 9.9%, 18.1%, 32.1%, and 54.6%. The results from Fig. 6 to Fig. 9 clearly demonstrated the tradeoffs among different coverage proportion of Pd/Pt layer.
C. Investigation of the Width of Pd/Pt Layer
Another important parameter, i.e. the width of Pd/Pt layer, which will also affect the resonance wavelength shift, Q-factor and relative intensity difference, is also studied in this section.
Compared to 400nm Pd/Pt layer width, we select half covered structure and 100 nm Pd/Pt layer width to investigate this parameter, because it suffices to observe how evanescent field of the ring waveguide mode penetrates into the Pd/Pt coated layer and understand how the width of the Pt layer will impact the ring resonator sensor.
The resonance wavelength shift and the relative intensity change are illustrated in Fig. 10 , which shows the results for 100 nm width of hydrogen sensitive material Pd/Pt layer coated ring resonator device. The resonance wavelength shift and relative intensity change for Pd structure are 0.18 nm and 0.44% per 1% hydrogen concentration increase. And for Pt are 0.31nm and 0.55%, respectively. These values are almost equal to the corresponding results of 400 nm width of Pd/Pt layer structure, as illustrated in the above sections. These results tell us that the width of hydrogen sensitive material Pd/Pt layer has no significant impact on the performance of device, at least when the Pd/Pt layer thickness is more than 100 nm.
The electromagnetic (EM) field distribution can explain this phenomenon more clearly. We apply a continuous wave at the resonance wavelength (1535 nm) to both 400 and 100 nm width of Pt layer structures, and the electromagnetic field intensity distribution are shown in Fig. 11 . Pt with 0% Hydrogen concentration is used as an example in this simulation. Note that in Fig. 11(a) and (b) , the brightness represents the intensity of EM wave. We can observe that when the EM wave enters into the ring resonator from waveguide, the evanescent wave of the ring resonator waveguide begins to penetrate into the Pt coated layer. It is worth noting that the penetration depth of the evanescent field into the Pt layer is about the same for both 100 nm and 400 nm Pt layer width, which is about 50 nm from Fig. 11 . So 100 nm width of Pt layer is adequate to feel the most part of the EM field. This is the reason that there's no significant difference between the performances of the two different Pt layer width structure, 100 nm and 400 nm, respectively. Fig. 11 (c) shows the EM field intensity along the red line in (b), the horizontal axis is the distance in nanometer from the interface of Pt layer and Si layer. It can be seen that the EM field has an exponential decay in intensity and almost becomes zero close to 100 nm, which is a typical characteristics of the surface modes excited by the ring resonator waveguide. So in terms of device fabrication, this study should provide us a route to balance the challenges in small Pd/Pt layer width fabrication, while at the same time to ensure enough Pd/Pt layer width to optically interact with the micro ring resonator evanescent field.
We can use standard cleanroom processes for the fabrication of the Pd/Pt coating in the micro ring resonator. Specifically, for the partly coated resonator, e-beam deposition of Pd/Pt thin films and then lift-off processes could be utilized to realize the partially Pd/Pt coated micro ring resonator as following: after the silicon resonator is fabricated, a photoresist layer and nano lithography processes can be used for the patterning of the partially coated Pd/Pt layer, then e-beam evaporation can be used for the deposition of thin Pd/Pt layer, lift-off process then can be used to remove the unwanted photoresist part to finish the partially coated Pd/Pt layer. In this simulation work, our main focus is to reveal how the Pd/Pt coating coverage portion will play the critical role on the trade-off between the Q factor, and wavelength shift, especially for the optical properties. In real fabricated devices, there are many issues which need to be investigated, such as resonator deformation due to coating deposition stresses, coating uniformity and surface flatness [15] , we would like to address them in our future experimental works. The refractive index of the Pd or Pt film will also need to be experimentally measured and verified, these will be investigated when fabricating the devices in our future works. Another interesting work using volume expansion of Pd with the presence of hydrogen using polymer based micro resonator [15] , due to the relatively large deformation of the polymer micro resonator, this mechanism might be interesting to explore further for our silicon based micro resonator, although the volume variation is expected to be small for silicon based micro resonator, considering the much higher Young's modulus of silicon resonator and very small ring size in our works. For the hydrogen detection limit, we have tried very low hydrogen concentration; within our simulation model, as low as 0.12% hydrogen concentration can be resolved using our silicon based ring resonator, this is comparable or even lower than most of existing hydrogen sensors [1] , [2] , [15] - [18] ; compared to the optical fiber based hydrogen sensor, the wavelength shift is larger, while the Q is lower [2] , [16] - [18] . The sensitivity is 1.02 nm per 1% hydrogen for Pt and 0.35 nm per 1% hydrogen, respectively. The adhesion to of the Pd/Pt layer to the silicon based ring resonator will also be investigated in our future works.
III. CONCLUSION
In summary, we have proposed and numerically demonstrated an ultra-small hydrogen sensor based on the micro ring resonator coated with a hydrogen sensitive palladium/platinum layer. The device is very sensitive to the low hydrogen concentration variation (0 ∼ 4%) with nm resonance wavelength shift, which is at least an order of magnitude higher than the fiber based optical hydrogen sensor. We have also investigated the tradeoff between the portion coverage of palladium/platinum layer and the sensitivity. The width of the hydrogen sensitive layer is also studied and the minimum feature width is determined to be the length of the ring waveguide evanescent wave. The ultra-small size of the hydrogen sensor (4 × 4 μm 2 ) will have the potential to be applied in integrated optical circuits with large integration capability and portability.
